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(57) ABSTRACT 
Micro?uidic devices, systems and methods that are operated 
and/or con?gured to enhance the passage of electrical cur 
rent from poWer supplies to the ?uids Within the system. The 
devices, methods and systems utilize alternate electrode and 
system con?gurations to permit transfer of current at loWer 
voltages, minimize Water hydrolysis at the electrode/?uid 
interface and/or permit accurate in situ measurement of the 
parameters of processes carried out in those devices and 
systems. 
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METHODS AND SYSTEMS FOR ENHANCED 
FLUID DELIVERY OF ELECTRICAL CURRENTS 

TO FLUIDIC SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is related to US. Provisional 
Patent Application Nos. 60/269,245 and 60/269,239, each 
?led Feb. 15, 2001, and 60/334,315, ?led Nov. 30, 2001, 
each of Which is incorporated herein by reference in it’s 
entirety for all purposes. 

COPYRIGHT NOTIFICATION 

[0002] Pursuant to 37 C.F.R. § 1.71(e), Applicants note 
that a portion of this disclosure contains material Which is 
subject to copyright protection. The copyright oWner has no 
objection to the facsimile reproduction by anyone of the 
patent document or patent disclosure, as it appears in the 
Patent and Trademark Of?ce patent ?le or records, but 
otherWise reserves all copyright rights Whatsoever. 

BACKGROUND OF THE INVENTION 

[0003] Micro?uidic devices have dramatically improved 
the performance of many signi?cant analytical and prepara 
tive processes relevant to diverse disciplines, including 
medical diagnostics, molecular biology, forensics, genom 
ics, and molecular evolution. Many of these processes utiliZe 
applied electric ?elds to manipulate materials, e.g., through 
direction, separation, or control of environmental condi 
tions. By Way of eXample, early descriptions of micro?uidic 
devices and systems utiliZed electric ?elds to move materials 
through channels of these devices through either electro 
phoresis or electroosmosis. Such movement Was generally 
controlled by interfacing electrodes either With the channels 
themselves, Where the electrodes are fabricated into the 
channels, or indirectly, through reservoirs disposed at the 
channel termini, Where electrodes are simply immersed in 
?uids Within those reservoirs. 

[0004] Electrical current has also been described for use in 
controlling other parameters Within micro?uidic devices, 
including, e. g., temperature, during the performance of other 
useful processes. These processes utiliZe resistive or joule 
heating of ?uidic materials Within micro?uidic devices by 
?oWing current through an electrode or other conductive 
component positioned Within or in electrical contact With 
?uid in a microchannel or other device cavity. The resulting 
How of current into ?uid Within the cavities of a device heats 
the ?uid by dissipating energy through the electrical resis 
tance of the ?uid. 

[0005] Clearly the application of electrical currents to 
?uidic, and particularly, micro?uidic systems has important 
implications as an element of micro?uidic technology. 
Despite its importance, hoWever, that application of current 
can include a number of potential trouble areas. For 
eXample, application of electrical currents to ?uids can lead 
to Water electrolysis. The resulting gas formation, as Well as 
local chemical environments caused by electrolysis can 
cause problems that potentially bias assay results, limit 
throughput or lead to device failure. In brief, Water elec 
trolysis involves the electrochemical decomposition of 
Water due to oxidation/reduction reactions at electrode/ 
electrolyte interfaces. For example, When electrons ejected 
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from an electrode reduce hydrogen ions in solution, hydro 
gen atoms are formed at the electrode surface, Where they 
combine among themselves or With other hydrogen ions and 
electrons to give gaseous hydrogen molecules. Similarly, 
hydroXyl ions in solution may be oXidiZed by donating 
electrons to an electrode, Which ultimately leads to the 
formation of gaseous oxygen. Other gases may also be 
formed via redoX reactions, such as chlorine gas, depending 
upon the nature of the electrolyte present at electrode 
surfaces. 

[0006] Gas bubbles formed in micro?uidic channels can 
pose substantial problems from both mechanical and elec 
trical standpoints. From a mechanical standpoint, bubbles in 
microscale channels can form relatively impermeable plugs 
Within channel systems that render such systems partially or 
completely inoperative. From an electrical standpoint, 
bubbles Within channels result in channels having much 
higher resistances, Which in turn, leads to greater, uncon 
trolled Joule heating, Which in turn leads to increased chance 
of bubble formation. This runaWay cascade again can lead to 
the inoperability of the overall system. 

[0007] Application of electric ?elds through micro?uidic 
channels has a number of other hurdles that can result in 
problems, including the need to apply relatively high volt 
ages in order to get adequate current through those channels 
With high resistances. In particular, for longer channels With 
microscale dimensions, electrical resistances can be substan 
tial. Where electrical currents are applied at terminal elec 
trodes, high voltages may be required to deliver effective 
currents through the channels to accomplish Whatever pro 
cess is desired. 

[0008] It Would generally be desirable to be able to more 
effectively deliver electrical current to micro?uidic systems 
With some, if not all of the aforementioned disadvantages 
and further to be able to monitor and control parameters 
effected by and effecting that delivery. The present invention 
is generally directed to meeting these and a variety of other 
needs. 

SUMMARY OF THE INVENTION 

[0009] The present invention is generally directed to meth 
ods, systems, electrode and system con?gurations for more 
effectively applying electric ?elds to micro?uidic channel 
systems for controlling the operation of those systems, e.g., 
?uid or other material movement, temperature monitoring 
and control, etc., With reduced negative effects as a result of 
applying those currents through the channel systems. 

[0010] In at least one aspect, the invention provides meth 
ods for applying an electrical current through a ?uid con 
taining cavity that include the provision of the ?uid con 
taining cavity and contacting contacting at least ?rst and 
second electrodes With the ?uid in the ?uid containing 
cavity, the ?rst electrode having a relevant surface area in 
contact With the ?uid in the ?uid containing cavity and the 
second electrode having a second relevant surface area in 
contact With the ?uid in the ?uid containing cavity. An 
alternating current is applied to the ?uid in the ?uid con 
taining cavity through the ?rst and second electrodes at a 
?rst frequency. The ?rst frequency and the relevant surface 
area are selected to avoid generation of gas bubbles at either 
of the ?rst and second electrodes. 
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[0011] In a related aspect, the invention provides a method 
for applying electrical current through a ?uid ?lled cavity 
Where at least ?rst and second electrodes With the ?uid in the 
?uid containing cavity, the ?rst electrode having a ?rst 
relevant surface area in contact With the ?uid at a ?rst 
electrode/?uid interface, and the second electrode having a 
second relevant surface area that is in contact With the ?uid 
at a second electrode/?uid interface. An alternating current 
is again applied to the ?uid in the ?uid containing cavity 
through the ?rst and second electrodes, at a ?rst frequency. 
The ?rst frequency and the relevant surface area are selected 
to provide less than IV of voltage drop across at least one 
of the ?rst and second electrode/?uid interfaces. 

[0012] In another aspect of the invention, methods are 
provided for applying current through a ?uid containing 
cavity that comprise placing ?rst, second and third elec 
trodes in electrical contact With a ?uid in the ?uid containing 
cavity at ?rst, second and third different points, respectively, 
the second point being disposed betWeen the ?rst point and 
the third point. A ?rst current is applied betWeen the ?rst 
electrode and the second electrode simultaneously With the 
application of a second current betWeen the second electrode 
and the third electrode. 

[0013] The present invention also provides systems for 
carrying out the above-described methods. For eXample, in 
at least one aspect, the invention provides a system for 
applying electrical current through a ?uid. The system 
comprises a ?rst ?uid ?lled cavity having ?rst and second 
electrodes disposed in electrical contact With a ?uid in the 
?uid ?lled cavity, Where the ?rst and second electrodes each 
having a relevant surface area. The system also includes an 
alternating current source operably coupled to the ?rst and 
second electrodes, Which source is set to provide alternating 
current betWeen the relevant surface areas of the ?rst and 
second electrodes through the ?uid at a ?rst frequency that 
avoids generation of gas bubbles in the ?uid at either of the 
?rst or second electrodes. 

[0014] In another aspect, the systems of the invention 
include a ?rst ?uid ?lled cavity having ?rst, second and third 
electrodes disposed in electrical contact With ?uid in the 
?uid containing cavity at ?rst, second and third locations 
along the ?rst ?uid ?lled cavity, respectively, Where the 
second electrode is positioned at a location betWeen the ?rst 
and third electrodes. The system includes one or more 
current sources operably coupled to the ?rst, second and 
third electrodes and set to simultaneously supply a ?rst 
current betWeen the ?rst and second electrodes and a second 
current betWeen the second and third electrodes. 

BRIEF DESCRIPTION OF THE DRAWING 

[0015] FIG. 1 schematically depicts one embodiment of a 
micro?uidic device that is con?gured to preferentially pro 
vide nonfaradaic current in a microchannel of the device. 

[0016] FIG. 2 schematically illustrates a circuit that is 
electrically equivalent to the electrode/microchannel con 
?guration of FIG. 1. 

[0017] FIG. 3A schematically shoWs one embodiment of 
a nonfaradaic electrode geometry. 

[0018] FIG. 3B schematically depicts a circuit that models 
a uniform RC transmission line that is electrically equivalent 
to the nonfaradaic electrode geometry depicted in FIG. 3A. 
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[0019] FIG. 4 schematically shoWs one embodiment of an 
electrode disposed in a Wide region of a device cavity. 

[0020] FIG. 5 schematically depicts an electrode con?gu 
ration in a semicircular shape to optimiZe current transfer. 

[0021] FIG. 6A-D schematically illustrates a microchan 
nel system employing optimiZed electrodes, as Well as a 
clamshell electrode con?guration With increased surface 
area. 

[0022] FIG. 7 schematically illustrates a microchannel 
system similar to that shoWn in FIG. 6, but Wherein the 
electrodes are positioned in cavities that are not directly in 
the main channel, in order to control slug dispersion in 
micro?uidic devices. 

[0023] FIG. 8 schematically shoWs an interdigitated elec 
trode con?guration that permits longer microscale cavities to 
be heated Without increasing a applied voltage gradient. 

[0024] FIG. 9 schematically illustrates a diagram of a 
channel segment having a unit length of channel betWeen 
tWo electrodes. 

[0025] FIG. 10 schematically illustrates a similar channel 
con?guration as illustrated in FIG. 9, but including tWo 
electrically paralleled channel sections. 

[0026] FIG. 11 schematically illustrates a channel section 
that has tWo electrically paralleled microscale cavity sub 
sections that include tWo grounded peripheral electrode 
pairs. 

[0027] FIG. 12 schematically illustrates a channel section 
having four electrically paralleled cavity subsections in a 
fashion similar to that illustrated in FIG. 11. 

[0028] FIG. 13 schematically illustrates an interdigitated 
electrode/channel con?guration Where the electrodes are 
separate from the path of desired material ?oW, in order to 
minimiZe slug dispersion. 

[0029] FIG. 14A-14C schematically shoW a micro?uidic 
device that includes a capillary element from various vieW 
points. 

[0030] FIG. 15 schematically illustrates an integrated 
system that includes the micro?uidic device of FIGS. 14A 
C. 

[0031] FIGS. 16A-E provide line plots of uniform RC 
Spice model plots of voltage vs. electrode length for various 
alternating current frequencies. 

[0032] FIG. 17 schematically illustrates a loW impedence 
electrode con?guration for applying electric current through 
?uids. 

DETAILED DISCUSSION OF THE INVENTION 
INTRODUCTION 

[0033] The present invention generally provides improved 
methods of delivering electrical currents to ?uidic systems, 
and preferably, micro?uidic systems. Application of currents 
to such systems is particularly useful in controlling move 
ment of materials Within those systems, controlling envi 
ronmental parameters Within those systems, e.g., tempera 
ture, and monitoring/sensing conditions Within those 
systems, e.g., electrochemical conditions such as conduc 
tivity and relatedly, temperature. The methods, systems and 
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devices described herein operate to permit: 1) the applica 
tion of higher currents to ?uidic systems Without the asso 
ciated and potentially problematic gas generation that results 
from Water electrolysis; 2) application of currents across 
longer, more resistive conduits Without the need for or 
associated dangers of excessive applied voltages; and 3) 
integrated sensing methods for use in these electrically 
controlled systems. 

[0034] 
tion 

I. Minimization of Water Electrolysis/Gas Forma 

[0035] The problems of Water electrolysis and gas forma 
tion typically result from one of tWo types of processes that 
occur at electrode/electrolyte interfaces. The ?rst type, gen 
erally referred to as a faradaic process, leads to Water 
electrolysis and gas formation due to actual charge transfers 
betWeen an electrode and an electrolyte. Like any chemical 
reaction, faradaic charge transfers are inhibited by the exist 
ence of an activation energy barrier betWeen oxidiZed and 
reduced states. The barrier is typically exceeded When the 
potential drop across the electrode/electrolyte interface is 
greater than about 1V. The second type, commonly referred 
to as a nonfaradaic or capacitive process or pathWay, 
involves processes such as adsorption and desorption Where 
no charges actually cross the electrode/electrolyte interface. 
Nonfaradaic pathWays do not produce Water electrolysis or 
gas formation. During nonfaradaic processes, although no 
charges cross the interface, external transient currents ?oW 
When the potential, electrode surface area, or electrolyte 
composition changes. The total current through an electrode/ 
electrolyte interface is the sum of distinct contributions from 
the faradaic and nonfaradaic processes. Nonfaradaic cur 
rents How to charge or discharge the interfacial region or 
electrical double layer betWeen the electrode and the elec 
trolyte. This action is analogous to that of a capacitor, 
although unlike a conventional capacitor, the capacitance is 
a function of the voltage across the electrical double layer. 
The impedence across the interface is directly dependent 
upon the surface area and the alternating current frequency. 
Thus, by controlling surface area and alternating current 
frequency, it is possible to shunt essentially all the alternat 
ing current carried across electrode/electrolyte interfaces 
through nonfaradaic pathWays Without the deleterious 
effects of Water electrolysis or gas formation. Nonfaradaic 
and faradaic pathWays, and related concepts are described 
further in, e.g., Bard and Faulkner, Electrochemical Meth 
ods: Fundamentals and Applications, 2nd Ed., John Wiley & 
Sons, NeW York, 2000, Scully et al., (Edt), Electrochemical 
Impedance: Analysis and Interpretation, America Society 
for Testing (1993), and Skoog et al., Principles of Instru 
mentalAnalysis, 5th Ed., Harcourt Brace & Co., Philadelphia 
(1998). 
[0036] The present invention generally provides methods, 
devices, and systems that are con?gured to preferentially 
provide electrical current to ?uidic systems via nonfaradaic 
pathWays. More speci?cally, the invention includes shunting 
alternating current aWay from faradaic pathWays at elec 
trode/electrolyte interfaces in microscale cavities of microf 
luidic devices to nonfaradaic pathWays. As used herein, 
“alternating current” or “AC” refers to any non-direct cur 
rent that integrates over time to Zero. Alternating currents are 
utiliZed, inter alia, in the devices of the invention to resis 
tively heat ?uidic materials Within microscale cavities. 
Advantages of delivering current to microscale cavities via 
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nonfaradaic pathWays include minimiZing Water electrolysis 
and gas formation Which otherWise occur as current crosses 

electrode/electrolyte interfaces through faradaic or redox 
pathWays. The electrolysis of Water and the formation of gas 
generally bias assay results or otherWise negatively impact 
micro?uidic applications. 

[0037] A “faradaic pathWay,”“faradaic process,”“redox 
pathWay,” or “redox process,” as used herein, refers to a 
pathWay or process that conducts current across an elec 
trode/electrolyte interface through a direct transfer of charge 
(e.g., electrons) via an oxidation or a reduction reaction. As 
also used herein, “current” refers to the movement of electric 
charges in a conductor, such as by electrons in an electronic 
conductor and by ions in an ionic conductor or electrolyte. 
Additionally, a “faradaic current,” as used herein, refers to 
the movement of electric charges due to oxidation or reduc 
tion reactions occurring at electrode/electrolyte interfaces. 
That is, faradaic currents result from faradaic pathWays or 
processes. Furthermore, a “faradaic electrode,” as used 
herein, refers to an electrode portion of a system that is not 
con?gured to preferentially provide nonfaradaic current in 
microscale cavities of a micro?uidic device. 

[0038] In contrast, a “nonfaradaic pathWay, nonfaradaic 
process,”“capacitive pathWay,” or “capacitive process,” as 
used herein, refers to a pathWay or process that conducts 
currents through electrode/electrolyte interfaces Without 
accompanying oxidation or reduction reactions. Further, a 
“nonfaradaic current” or “capacitive current,” as used 
herein, refers to the electric charge movement that charges 
or discharges electrical double layers at electrode/electrolyte 
interfaces. Nonfaradaic currents do not involve chemical 
reactions; rather, only the accumulation (or removal) of 
electric charges on the electrode and in the electrolyte near 
the electrode. Nonfaradaic currents result from nonfaradaic 
pathWays or processes. In addition, a “nonfaradaic elec 
trode,” as used herein, refers to an electrode that is con?g 
ured to preferentially provide nonfaradaic current in micros 
cale cavities of a micro?uidic device. 

[0039] In a number of instances, dimensions are described 
in terms of the path of current ?oW. In such cases, these 
dimensions refer to the distance or dimension of the elec 
trical path betWeen tWo recited points or the electrical path 
through a given segment of ?uid. 

[0040] As noted previously, the present invention gener 
ally provides methods and related devices for passing cur 
rent through ?uid containing channels, and preferably, 
microscale ?uid containing channels, While minimiZing 
electrolysis of Water and the consequent gas formation. The 
methods include shunting AC aWay from faradaic pathWays 
at one or more electrodes (e.g., 1, 2, 3, 1 0 4, 5, 6, 7, 8, 9, 
10 or more electrodes) at least partially disposed Within a 
microscale cavity (e.g., a microchannel, a capillary channel, 
a microscale reservoir, or the like) of the micro?uidic device 
to nonfaradaic pathWays When the one or more electrodes 
are in contact With an electrolyte in the microscale cavity. As 
used herein, an “electrolyte” refers to a solution that includes 
at least one chemical compound (e.g., an acid, base, salt, or 
the like) that dissociates into electrically charged ions When 
dissolved in the solvent. 

[0041] An electrode for use in a con?gured system of the 
invention typically includes a loWer impedance to the non 
faradaic pathWay relative to an impedance to the faradaic 
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pathway, Which effectively shunts current away from the 
faradaic pathway to the nonfaradaic pathWay. The current 
shunt to the nonfaradaic pathWay is generally effected by 
limiting a potential drop across an interface betWeen the 
electrolyte and a given electrode to at most about 1V, thus 
minimizing electrolysis of Water and gas formation in the 
microscale cavity. As described further beloW, the present 
invention also relates to various electrode geometries, Which 
ef?ciently exploit these current shunts. As used herein, an 
“electrode geometry” refers to the shape or form of a surface 
area of an electrode portion eXposed Within a micro?uidic 
device cavity. 

[0042] Con?guration of systems to maXimiZe nonfaradaic 
currents typically involve one or more of varying the fre 
quency of the applied alternating current and varying the 
relevant surface area of the electrodes through Which the 
currents are applied. In particular, by increasing the fre 
quency and/or the relevant surface area of the electrodes, 
one can pass increasing levels of current through a microf 
luidic passage With minimum faradaic component. In brief, 
the rapidity of the current’s rise and fall time, When com 
bined With a larger surface area through Which the current 
passes is con?gured such that voltage drop across the 
electrode/?uid interface is maintained at less than 1V, the 
level at Which gas formation generally occurs. 

[0043] As Will be apparent, in addition to electrode surface 
area and current frequency, the appropriate con?guration of 
a system Will depend upon electrolyte composition, and the 
amount of desired applied current, e.g., to achieve the 
desired heating or other result. Thus, a Wide variety of 
different con?gurations are envisioned by the instant inven 
tion. 

[0044] FIG. 1 schematically illustrates a simple eXample 
of a micro?uidic device that includes electrical interfaces for 
applying electrical current through the channel of the device. 
As shoWn, the device includes body structure 100 having 
electrolyte-?lled microchannel 102 fabricated therein, ?rst 
and second electrodes (104 and 106, respectively) at least 
partially disposed Within microchannel 102 (i.e., at least one 
surface of each electrode is in direct contact With the 
electrolyte solution), and electrically coupled to sinusoidal 
AC voltage source 108 as the electrical control system. An 
electrical control system of the invention typically applies a 
maXimum voltage of betWeen about 100 VRMS and about 
10000 VRMS. In preferred systems, the electrical control 
system applies a maXimum voltage of about 3000 VRMS 
(e.g., about 8500 Vp_p), While for most applications 
described herein, applied voltages of less than 1000V are 
often used, depending upon the length of heated channel 
segment. 

[0045] Additionally, for certain applications, e.g., heating, 
?rst and second electrodes (104 and 106) can be disposed 
betWeen about 1 mm and about 100 mm, more typically 
betWeen about 1 mm and about 50 mm, and usually about 20 
mm apart from one another in microchannel 102. Section 
110 of electrolyte-?lled microchannel 102 disposed betWeen 
?rst and second electrodes (104 and 106) models a simple 
channel resistance (RCH). RCH is characteristic of the bulk 
solution and independent of the electrode reaction. Bulk 
?uid resistance Within the microscale cavities of the inven 
tion is typically betWeen about 0.1 Megohm/mm and about 
100 Megohm/mm of cavity length, more typically betWeen 
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about 0.1 Megohm/mm and about 10 Megohm/mm of cavity 
length, and usually about 1 Megohm/mm of cavity length. 
As additionally shoWn, Wells 112 are also fabricated in body 
structure 100 and ?uidly communicate With microchannel 
102. Optionally, in certain cases, one or both of ?rst and 
second electrodes (104 and 106) is disposed in one of Wells 
112. Sinusoidal AC voltage source 108 is con?gured to 
permit alternating current to How betWeen ?rst and second 
electrodes (104 and 106) in microchannel 102. 

[0046] In accordance With the present invention, the sinu 
soidal AC voltage source 108 and at least one of ?rst and 
second electrodes (104 and 106) is con?gured to preferen 
tially provide nonfaradaic current in microchannel 102. In 
particular, the AC current source is controlled to apply 
alternating current at a frequency across the relevant surface 
area of the electrode so as to maintain the voltage drop 
across the electrode/?uid interface at less than 1V. In pref 
erentially providing non-faradaic current, the invention does 
not foreclose the possibility that some faradaic current is 
being passed. HoWever, it is preferred that the amount of 
faradaic current in the microscale cavity generally is beloW 
a threshold level, e.g., the current level produces at most an 
amount of gas that is soluble in solution or is otherWise 
beloW a level that produces gas bubbles. 

[0047] Typically, the alternating current ?oW betWeen 
electrodes includes at least about 90 percent nonfaradaic 
current, more typically at least about 95 percent nonfaradaic 
current, and usually at least about 98 percent nonfaradaic 
current. In preferred embodiments, the alternating current 
?oW resistively heats a segment of microchannel 102 at least 
betWeen ?rst and second electrodes (104 and 106) (e.g., to 
denature double-stranded DNAs and/or proteins in the seg 
ment). For eXample, the resistive heating typically increases 
electrolyte temperature in the segment of the microscale 
cavity by about 5° C. or more, or by about 30° C. or more. 

[0048] As used herein, “electrode con?guration” refers to 
a relative orientation or arrangement of electrodes Within 
micro?uidic device cavities. In addition, a “nonfaradaic 
electrode con?guration,” as used herein, refers to an elec 
trode con?guration that includes at least one nonfaradaic 
electrode. Additional electrode con?gurations and geom 
etries are described beloW. 

[0049] FIG. 2 schematically shoWs a circuit that is elec 
trically equivalent to the electrode/microchannel con?gura 
tion depicted in FIG. 1. As shoWn, electrical circuit 200 
includes tWo electrode impedances (ZEL) 202 and 204, 
Which correspond to ?rst and second electrodes 104 and 106. 
Each electrode impedance includes a paralleled nonlinear 
resistor (RREDOX) 206 and a double-layer capacitor (CDL) 
208 in series With simple channel resistance (RCH) 210 and 
electrically connected to sinusoidal AC voltage source 212. 
RREDOX 206 models faradaic electron transfer processes or 
pathWays at the electrode/electrolyte interface, Which typi 
cally lead to, e.g., oXygen and/or hydrogen gas evolution 
(i.e., Water electrolysis) and bubble formation When the 
potential drop across the interface (i.e., the resistor) exceeds 
about 1V. In contrast, CDL 208 models the electrode/elec 
trolyte double-layer capacitor, Which results from the accu 
mulation of opposite charges at the electrode/electrolyte 
interface (e.g., electrons at the electrode surface neutraliZed 
by positive counter ions from the electrolyte). For eXample, 
an electrical double layer at an interface of an electrode and 




























